A B S T R A C T Infusion of glucagon causes only a transient increase in glucose production in normial and diabetic man. To assess the effect ofintermittent endogenous hyperglucagonemia that might more closely reflect physiologic conditions, arginine (10 g over 30 min) was infused four times to 8 normal subjects and 13 insulin-dependent diabetic subjects (4 of whom were infused concomitantly with somatostatin to examine effects ofarginine during prevention ofhyperglucagonemia). Each arginine infusion was separated by 60 min. Diabetic subjects were infused throughout the experiments with insulin at rates (0.07-0.48 mU/kg per min) that had normalized base-line plasma glucose and rates of glucose appearance (Ra) and disappearance (Rd). Basal plasma glucagon and arginine-induced hyperglucagonemia were similar in both groups; basal serum insulin in the diabetics (16+1 ,U/ml, P < 0.05) exceeded those ofthe normal subjects (10+ 1 ,U/ml,P < 0.05) but did not increase with arginine. Serum insulin in normal subjects increased 15-20,U/ml with each arginine infusion. In both groups each arginine inifusion increased plasma glucose and Ra. Increments ofRa in the diabetics exceeded those of normal subjects, (P < 0.02); Rd was similar in both groups. In normal subjects, plasma glucose returned to basal levels after each arginine infusion, whereas in the diabetics hyperglycemia persisted reaching 151 + 15 mg/dl after the last arginine infusion. When glucagon responses were prevented by somatostatin, arginine infusions did not alter plasma glucose or Ra.
INTRODUCTION
Glucagon is a potent stimulator of hepatic glycogenolysis and gluconeogenesis (1) . Nevertheless, its physiologic significance and role in diabetes mellitus has recently been questioned by observations that sustained hyperglucagonemia causes only a transient increase in glucose production in vivo (2) (3) (4) (5) , and that prolonged exposure of the liver to hyperglucagonemia in vitro results in diminished ability of glucagon to stimulate glycogenolysis (6) , to activate adenylate cyclase (7) , and to bind to its plasma membrane receptors (8) (9) (10) . However, because glucagon secretion varies throughout the day as a result of intermittent stimuli such as meals (11) (12) (13) (14) , exercise (15, 16) , and stress (17, 18) , the liver in vivo is usually exposed to fluctuating glucagon levels; thus, conclusions based upon the effects of sustained hyperglucagonemia may not necessarily reflect the actions of glucagon under physiologic conditions. The present studies were, therefore, undertaken to examine the effects on glucose homeostasis of intermittent hyperglucagonemia produced endogenously by administration of the glucagon secretagogue arginine in normal and diabetic man.
METHODS
Informed consent was obtained from 8 normal subjects (2 men, 6 women) yr of age (mean, 27 yr) with no family history of diabetes and also from 13 juvenile onset-type diabetic subjects (3 men, 10 women) 18 -55 yr of age (mean, 29 yr) with documented histories of ketoacidosis. All subjects were in apparent good health at the time of the study and within 15% of their ideal body weight (Metropolitan Life Insurance Co. Tables, 1959) .
All studies were begun between 6:00 and 7:00 a.m. with subjects in the postabsorptive state, having consumed weight maintenance diets containing 250-300 g carbohydrates for at least 3 d. All subjects were admitted to a metabolic ward on the day before the study; the diabetic subjects were withdrawn from their long-acting insulin (neutral protamine Hagedorn or lente) treatment; initially they were managed for 24 h solely with multiple subcutaneous injections ofregular insulin (5-10 U, 30 min before meals), and then by an overnight infusion of glucagon-free regular insulin (Eli Lilly & Co., Indianapolis, Ind.). To examine the effects of arginine in the absence of its ability to stimulate glucagon secretion, four of the diabetic subjects were infused with somatostatin (100 ,ug/h, courtesy of Dr. Jean Rivier and Dr. Roger Guillemin, Salk Institute, San Diego, Calif.) and glucagon (0.65 ng/kg per min, Eli Lilly & Co.) beginning 8 h before the initial arginine infusion (vide infra). The somatostatin infusion was maintained constant throughout the study; the glucagon infusion rate was increased to 3 ng/kg per min from minute 330 (30 min after the last arginine infusion) to minute 360. 4-6 h before study, the insulin infusion rate was adjusted to achieve stable normoglycemia as described (19) and, once established, this infusion rate (0.07-0.48 mU/kg per min) was maintained constant throughout the study. All hormones were made up on the morning of each study in 0.9% NaCl containing 1 g/100 ml human serum albumin, (Cutter Laboratories, Inc., Berkeley, Calif.). Blood samples were taken at 10-to 15-min intervals throughout the experimental period for determination of plasma glucose (11), glucagon (20) , serum insulin (21) and, in the case of the diabetic subjects, "serum-free insulin" (22) henceforth referred to simply as insulin. Plasma (1.6 ml) was added to cold 3 M perchloric acid (0.3 ml); duplicate aliquots ofthe resultant deproteinized plasma were evaporated to dryness under compressed air at 37°C to remove tritiated water. The residue was resuspended in 0.5 ml distilled water and its radioactivity counted after addition of 10 ml Aquasol (New England Nuclear). Quench was corrected for using external standard ratios. Plasma glucose specific activity was obtaine'd by dividing the radioactivity by the plasma glucose concentration. Glucose appearance (Ra)l and disappearance (Rd) were determined by modifications (23) of the formula of Wall et al. (24) for nonsteady-state conditions. Glucose clearance (MCR) was calculated by dividing Rd by the simultaneous plasma glucose level. The validity of free insulin determinations (25), the formula for calculating Ra and Rd (26) , and the use of [3-3H]-glucose as a nonrecycling tracer to estimate glucose turnover (27) have all been previously discussed in detail. Data in text and figures are given as mean+SEM. Differences within the same subject group were evaluated for statistical significance with two-tailed paired t tests; elsewhere nonpaired t tests were used.
RESULTS
Glucose, insulin, and glucagon responses to arginine infusions. In Fig. 1 , the effects of the four arginine infusions on circulating glucose, insulin, and glucagon u Abbreviations used in this paper: MCR, glucose clearance; Ra, glucose appearance; Rd, glucose disappearance. levels in normal and diabetic subjects are shown. Baseline plasma glucose and glucagon levels were similar in both groups; serum insulin levels in the diabetics (16+1 ,uU/ml) were significantly greater than those of the normal subjects (10+ 1 ,uU/ml,P < 0.05). In both groups, plasma glucose levels increased with each arginine infusion; however, successive arginine infusions produced smaller increments. In normal subjects, plasma glucose increased an average of [8] [9] [10] [11] [12] [13] [14] [15] [16] normal subjects during the arginine infusions (25-30 vs. 16 ,uU/ml, P < 0.05). Ra, Rd, and MCR rates during arginine infusions. In Fig. 2 , the effects of the four arginine infusions on Ra, Rd, and MCR in normal and diabetic subjects are shown. In both groups, base-line values for Ra, Rd, and MCR were similar. Ra increased with each arginine infusion in both groups; responses after the third and fourth infusions were less than that after the initial infusion in each group (areas under the curve, P < 0.05). During all infusions, the diabetic subjects had significantly greater increases in Ra than did the normal subjects (areas under the curve, P < 0.02). Rd increased with each arginine infusion and was not significantly different in the two groups throughout the study. In the normal subjects, MCR increased with each arginine infusion, whereas in the diabetic group it decreased m20% to values significantly less than those in the normal subjects, (P < 0.05).
Effect of somatostatin on plasma glucose and glucagon concentrations and rates ofRa and Rd during arginine infusions in diabetic subjects. In Fig. 3 
DISCUSSION
The physiologic significance of glucagon and its role in diabetes mellitus has recently been questioned by observations that sustained hyperglucagonemia produced by infusion of glucagon does not result in a sustained increase in plasma glucose or glucose production in man (3) (4) (5) . The present studies were undertaken to determine the effects of intermittent endogenous hyperglucagonemia on glucose homeostasis in man because this might reflect physiologic conditions more closely than sustained infusions of exogenous glucagon. An additional purpose of the present studies was to determine the effect of intermittent hyperglucagonemia on glucose homeostasis in diabetic subjects infused with sufficient insulin to maintain normal basal circulating glucose levels and glucose turnover rates because it had.been suggested that glucagon would not cause deterioration in blood glucose regulation in the absence of severe insulin deficiency (28) . Infusion of arginine, a secretagogue ofboth glucagon and insulin, was chosen to promote endogenous hyperglucagonemia; this amnino acid would not be expected to acutely alter glucose metabolism under the present experimental conditions other than by altering insulin and glucagon secretion because it has been demonstrated that during infusion of 14C arginine in man, no arginine is incorporated into plasma glucose before 30-50 min (29) and because it has also been shown that infusion of arginine in pancreatectomized dogs for 90 min does not alter glucose turnover when changes in plasma insulin and glucagon were prevented (30) . This premise was substantiated in the current study inasmuch as infusion of arginine did not cause an increase of either plasmiia glucose or Ra in diabetic subjects when glucagon responses to arginine were prevented by a concomitanit infusion of somatostatin during maintenance of conistant basal levels of circulating glucagon and insulin by means of exogenous infusion of these hormones. The fact that both plasma glucose and Ra increased appropriately when the glucagon infusion rate was increased, indicates that the liver was still responsive to glucagon under these conditions. In both the normal and diabetic subjects, each episode of arginine-induced hyperglucagonemia during the 5.5-h study period increased plasma glucose levels and Ra rates. In should be noted, however, that in both groups of subjects, increments in plasma glucose and Ra were less during the third and fourth arginine infusions than during the initial infusion despite comparable insulin and glucagon responses thus indicating that, as with continuous exogenous hyperglucagonemia (3, 4) , hepatic downregulation also occurs with intermittent endogenous hyperglucagonemia. A similar deccremental response of Ra has been observed in dogs during repetitive increases in infusion rates of exogenous glucagon during concomitant infusion of somatostatin (31) .
In the normal subjects, plasma glucose increased moderately during arginine infusions and returned to base-line levels between the infusions. In the diabetic subjects, plasma glucose increased to a greater extent than in normal subjects and did not return to base-line levels between arginine infusions so that in the diabetic subjects intermittent hyperglucagonemia resulted in sustained fasting hyperglycemia averaging > 150 mg/dl at the end of the last arginine infusion. The difference in glycemic responses of the normal and diabetic subjects was primarily the result of greater increases in Ra that occurred with each arginine infusion in the diabetics because Rd rates were similar in the normal and diabetic subjects. However, it is evident from the MCR rates that the diabetics disposed of glucose less effectively than the normal subjects.
The greater increments in Ra observed in the diabetics occurred despite virtually identical glucagon responses to arginine in the normal and diabetic groups. Whether this was a result of increased sensitivity to glucagon in the diabetics, a possibility suggested by recent studies demonstrating enhanced glucagon binding to its receptors in livers from streptozotocin-diabetic rats (31), or, more likely, because of a lack of insulin secretion in response to arginine in the diabetic subjects (or a combination of both factors) cannot be answered from the present studies. It should be pointed out that in the present study the diabetic subjects were not severely insulin deficient: they had been infused throughout the experiment with insulin at a rate that had maintained their base-line peripheral venous insulin levels one and one-half times greater than those of the normal subjects, and which rendered their baseline plasma glucose levels and glucose turnover rates indistinguishable from those of the normal subjects. Previously, it has been suggested that glucagon would not have an appreciable hyperglycemic effect except under circumstances of severe insulin deficiency (32) . However, it has been recently reported that continuous infusion of exogenous glucagon, producing increments in plasma glucagon levels of 200-250 pg/ml, caused deterioration of diabetic control despite concomitant constant infusion of insulin (33) . In the present study, four increments of plasma glucagon (100-150 pg/ml) were produced during a 5.5-h period; although plasma glucagon may increase abruptly during various kinds of stress (15) (16) (17) (18) , whether such changes in plasma glucagon would occur as frequently under conditions of daily life is unclear. However, increments in plasma glucagon of similar magnitude to those produced in the present study have been reported to occur postprandially in normlal (12) and diabetic (11) man. Thus, an individual having breakfast, a midmorning snack, and lunch would have a minimum of three episodes of hyperglucagonemia over a 6-h period. The present studies indicate that such hyperglucagonemia can cause sustained hyperglycemia in man when pancreatic beta cell function is limited. 05827) from the U. S. Public Health Service and the Mayo Foundation.
